SV40 infection of Muntiacus muntjak cells (ATCC, CCL: 157) resulted in abortive transformation with formation of T antigen and induction of cellular DNA replication in the absence of virus production. These cells were resistant to stable transformation by SV40 regardless of the route of infection, including microinjection of virus into cell nuclei. The present studies show that T antigen-containing cells persist and that the number of T antigen-positive cells remains constant in infected cultures, which is reflected in the nearly constant fraction of T antigen-positive cells in stationary cultures" and a decrease of the fraction of T antigen-positive cells in proliferating cultures. These data suggest that following cell division only one daughter cell on the average can maintain a detectable level of T antigen. The cell cycle kinetics of proliferating muntjac cultures were not altered by the abortively transforming infection, and infectious progeny was made following cell fusion with permissive CV-1 cells. It is suggested that the few copies of viral DNA that do persist are present in a 'plasmid-like' state as non-integrated DNA. In this way SV40 can appear to be lost from the majority of the cells in a culture but actually be conserved in a small population of cells for a long time. In such a state a papovavirus might go undetected in vitro as well as in vivo by even the most sensitive immunological and molecular techniques.
INTRODUCTION
Within the broad range of cells that can be infected by simian virus 40 (SV40), the great majority are 'abortively transformed' and not generally associated with persistent infections (Smith et al., 1971; Steinberg et al., 1978) . In most cells infected by SV40 a set of non-structural viral proteins, the T antigens, are synthesized following viral uncoating (Weil et al., 1974) . These proteins (Butel & Soule, 1978; May et al., 1973; Tjian et al., 1978) appear to be responsible for the mitogenic stimulation of cells arrested in G o (Gershon et al., 1966; Henry et aL, 1966; Smith et al., 1971) . Whereas cells engaged in virus production arrest their cell cycle progression (Gershey, 1979; Hiscott & Defendi, 1979) and die within 72 h (Manteuil et al., 1973; Norkin & Ouellette, 1976) , stable transformants continue to proliferate and exhibit a loss of growth regulation that has been correlated with continued T antigen expression (Brugge & Butel, 1975; Osborn & Weber, 1975; Tegtmeyer, 1975) . Unlike stable transformants, abortive transformants return to a state of restricted growth (Stoker, 1968) , and this reversion is usually associated with the loss of T antigen expression with or without toss of the viral genome (Smith et aL, 1972; Steinberg et aL, 1978) . It has previously been recognized that cells abortively transformed by polyoma virus can transmit virus to daughter cells and that a few cells in apparently non-transformed colonies express T antigen (Fraser & Crawford, 1965) . A mechanism for viral persistanee in abortive transformants has not previously been identified; however, it has IP: 54.70.40.11
On: Thu, 18 Oct 2018 06:59:21 34 E. L. GERSHEY been suggested that in some cases SV40 DNA is integrated in the host genome as is the case for stable SV40 transformants (Smith et al., 1972) .
Muntjac 157 cells, which have an unusually low chromosome number, have been advantageous for several studies of the role of T antigen in SV40-host cell interactions (D'Alisa & Gershey, 1978b; D'Alisa et al., 1979; Gershey, 1980) as well as for studies of adenovirus-host cell interactions (Vardimon & Doerfler, 1980) . The present study evolved from our attempts to isolate muntjac 157 cells that are stably, rather than abortively, transformed by SV40. We report that T antigen expression continues in the absence of stable transformation in non-productive muntjac 157 cells and suggest that integration of SV40 DNA may not be required for SV40 persistence in abortive transformants. This model for virus persistance may be relevant with regard to the potential aetiological role of papovavirus in human disease.
METHODS
Cell and virus culture. Muntjac cells, American Type Culture Collection (ATCC) 157, in their 20th to 35th generation in this laboratory were cultured at 37 °C in Eagle's medium supplemented with 10% foetal bovine serum (FBS) (Grand Island Biological Co.) as previously described (D'Alisa et al., 1979) . Cloned CV-1 cells (D'Alisa & Gershey, 1980) were used for virus propagation and virus rescue experiments. No mycoplasma was detected by fluorescence staining (Chen, 1977) or by scanning electron microscopy (Brown et al., 1974) .
Virus used for these studies was SV40, strain VA 4554, propagated as previously reported (D'Alisa & Gershey, 1978a) . Stock virus had a titre of 109 p.f.u./ml and T antigen-forming units/ml. Virus to be injected was purified as previously reported (Diacumakos & Gershey, 1977) except that CsC1 was removed by exclusion chromatography on G-25 Sephadex. Fifty ~1 of the CsCl-purified virus band was applied to the top of an Eppendorf micropipette tip packed with 250/A Sephadex suspension. The tip was placed in an Eppendorf centrifuge tube (0.5 ml) and the tube and tip placed within a 15 ml disposable centrifuge tube. The assembly, which had been pre-centrifuged for 1 to 2 min at 500 g to remove PBS, was centrifuged. The virus eluted while the caesium salts remained in the Sephadex-containing pipette tip. Standardization of this method was established by monitoring the refractive index of the excluded volumes. Virus inocula contained 500 to 1000 virions. All injections were performed as previously described (Diacumakos & Gershey, 1977) . Muntjac 157 cells, infected in a conventional manner, were infected at 200 p.f.u./cell except where otherwise stated.
Immunofluorescence detection qf virus-coded proteins. SV40 T and V antigens were detected by indirect immunofluorescence staining as previously described (D'Alisa & Gershey, 1978a) . Cells were fixed in absolute ethanol at -70 °C and stained for SV40 T antigen with hamster anti-T serum (National Cancer Institute 79X-137) 1:20 in PBS. This serum had previously been adsorbed on subconfluent monolayers of muntjac and CV-1 cells and clarified by centrifugation at 9000 g. Following a 6.0 min incubation with antiserum, cells were washed with PBS and incubated for 60 min at 37 °C with fluorescein isothiocyanate (FITC)-conjugated goat anti-hamster IgG (Antibodies Inc., Davies, Ca., U.S.A.) diluted 1 : 10 in PBS. SV40 V antigen was detected by the same technique using bovine anti-V serum (Flow Laboratories) 1:4 in PBS, and FITC-conjugated rabbit anti-bovine IgG (Miles) 1:20 in PBS.
Virus rescue. Evidence of the presence of infectious SV40 virus was obtained following fusion of infected muntjac 157 cells with permissive CV-1 cells. Polyethylene glycol (PEG) 6000 (Baker) was dissolved in medium lacking divalent cations (Schneiderman et aL, 1979) . Heterokaryons were formed as described by Davidson & Gerald (1977) and used for cell fusion virus rescue by others (Steimer & Boettiger, 1977) . 
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RESULTS
In order to obtain SV40 muntjac transformants, various methods were applied; however, exposure of muntjac 157 cells to high viral multiplicities (500 p.f.u./cell) in monolayer (with up to three serial virus adsorptions), in suspension (with and without the presence of polybrene), and in different cell cycle phases did not result in colonies of stable transformants which grew in low serum (0, 0.5, I, 2, 5 and 10% FBS), agar suspension (with and without a layer of feeder cells), low cell density, high cell density, or spinner culture. Furthermore, stable transformants could not be isolated following inoculation by microinjection with 500 to 1000 virions per nucleus or cytoplasm (E. G. Diacumakos & E. L. Gershey, unpublished observation). These results are not likely to be due to the selection conditions since (with the exception of spinner culture) both HeLa cells and SV40-transformed foetal muntjac cells (Yamaguchi & Huh, 1979) had high plating efficiencies. These findings with muntjac 157 cells, established from adult muntjac skin fibroblasts, are in contrast to those obtained with secondary cultures of foetal epithelioid kidney cells from male muntjacs (Yamaguchi & Huh, 1979) with which the susceptibility to transformation by SV40 declined with continued cell passage.
In spite of the absence of any of the properties of transformed cells, T antigen was synthesized by most cells in SV40-infected muntjac cell monolayers, and the number of T antigen-positive cells remained remarkably constant over extended periods of time (Fig. 1) . The small decline in the number of T antigen-positive cells may reflect the loss of cells from the anchorage-dependent cultures due to cell death. Initially 70% of the cells were T antigen-positive, and this number slowly decreased to 50 % in the course of 3 months. The slow loss of T antigen-positive cells may also reflect the loss of virus from some cells or at least a decline in the level of T antigen produced by cells whose cycle progression has been arrested, as has been reported for some transformed cells (Zouzias & Basilico, 1979) .
In contrast to the situation in confluent cultures, it was found that the fraction of T antigen-positive cells in a culture decreased with cell proliferation. Microtitre plates with 10/.tl wells were used so that all the cells in the culture area could be evaluated for T antigen with a x 10 microscope objective. The constancy of the number of T antigen-positive cells/well in proliferating cultures was confirmed by enumerating the number of cells/culture/day after infection and seeding at a low cell density (Fig. 2) . Following immunofluorescence staining, the As shown in (a), 2 days after inoculation the number of cells/well was 25, 50 and 100. The lack of initial growth is principally the combined result of a 50 % plating efficiency and delay following trypsin treatment, and it was not possible to use lower seeding densities due to the low cloning efficiency of these cells (E. L. Gershey, unpublished observations). Thereafter, cells grew exponentially with an average doubling time of 18.5 h (a), yet, after fixation and immunofluorescence staining, the total number of T antigen-containing cells/culture remained relatively unchanged (b). T antigen-positive cells constituted less than 3 % of the confluent population. number of T antigen-positive cells/culture/day was also scored (Fig. 2) . The doubling time of these cells was 18.5 h, which is identical with the generation time determined previously under different culture conditions. The generation time in these cells is not affected by SV40 infection, as was found previously (Gershey, 1980) and was confirmed under the present culture conditions (not shown). Throughout the several rounds of cell doublings (Fig. 2 b) the number of T antigen-positive cells/well remained remarkably constant and possible reasons for the slight decline have been cited above. The number of cells containing detectable levels of T antigen constituted 70% of the cells present in the cultures 2 days after infection and seeding. By the time cultures reached a confluent density, T antigen-positive cells constituted less than 3 % of the population.
To establish that the persistence of T antigen expression was a reflection of persistence of the virus genome, rescue experiments were performed. Confluent, SV40-infected muntjac cells were cultured for 28 days in growth media containing 5 % SV40-neutralizing antiserum. The cells were then dispersed and plated along with a 10-fold excess of CV-1 cells, in which the virus can grow to high titres (D'Alisa & Gershey, 1978a) on glass coverslips. Cells had attached after 3 h and were then fused with PEG 6000. Heterokaryons were identified on the basis of differences in nuclear morphology and it was estimated that 5 % of the muntjac cells had fused with CV-1. Coverslips were removed 3, 4 and 6 days after seeding, and the monolayers were fixed and stained for T or V antigen. Three days after fusion, 1% of the heterokaryons contained demonstrable amounts of SV40 T and V antigens. By 6 days T and V antigen-positive foci were seen. Control cultures in which CV-1 cells were fused with uninfected muntjac cells and polykaryons formed by the fusion of SV40-infected muntjac cells did not produce any V-positive cells. Thus, SV40 can be rescued by fusion from infected muntjac cells even though the efficiency is low, as in other systems (Poste et al., 1974;  Persistent infection of muntjac cells by SV40 37 Watkins, 1974; Watkins & Dulbecco, 1967) . Infected cell lysates, obtained by freezing, thawing and sonicating SV40-infected muntjac 157 cells, did not initiate virus infection in CV-1 cells, which makes it unlikely that the virus production seen after cell fusion is the result of the presence of unadsorbed virions which remained after infected muntjac monolayers were washed and cultured in anti-SV40 serum prior to replating and cell fusion. Moreover, the efficiency of virus rescue was similar whether performed 8 or 28 days after the initial viral infection.
DISCUSSION
Muntjac 157 cells are resistent to SV40 transformation. As with other abortive transformants, SV40 infection of quiescent muntjac 157 cells results in the synthesis of SV40 T antigen in the absence of virus DNA synthesis (E. L. Gershey, unpublished observation) as well as the transient induction of cell cycle progression under conditions in which normal growth is restricted (Gershey, 1980) . The failure to transform or alter the cycle kinetics or ploidy (Gershey, 1980) The reduction in the relative number of infected cells depends upon continued cell growth and division. With each cell division the fraction of T antigen-positive cells in the population is reduced by 50%, implying that only one of the two daughter cells can maintain a detectable level of T antigen.
Continued T antigen expression is not merely due to protein preservation, since dilution following cell division would result in an amount of T antigen/cell that would not be detected by the methodology employed (Gershey, 1980) and T antigen only remains stable for 20 h (Tjian et aL, 1978) .
Differential expression of the T antigen gene rather than differential inheritance of virus is unlikely to account for the pattern of T antigen expression observed. Furthermore, our virus stocks contain few, if any, defective particles (Diacumakos & Gershey, 1977) and evidence of V antigen-containing foci were observed following fusion of infected muntjac cells with permissive, CV-1 cells.
The constancy in the number of T antigen-positive cells in proliferating cultures is not the result of extended intermitotic times for infected cells since differences in the cell cycle kinetics of infected and uninfected muntjac cultures were not detected by fluorimetric analyses (Gershey, 1980) . The low level of virus has at present precluded definitive proof of the physical state of the virus by restriction endonuclease digestion and hybridization to SV40 DNA. However, if multiple copies of the SV40 genome were present, it is unlikely that only one out of two daughter cells would successively be able to synthesize detectable levels of T antigen since a single viral gene copy suffices for detectable T antigen production (Botchan et al., 1976) .
The SV40 genome is clearly not covalently linked with muntjac DNA. If so, linked virus DNA would be replicated along with that of the host chromosomes, as is the case for cells stably transformed by SV40, and both daughter cells would generally be expected to synthesize T antigen. In addition, the stability of the non-integrated viral DNA with respect to time in culture and cell division suggests that it is probably present in an unnicked, circular form.
Other workers have reported the presence of free virus DNA in SV40- (Daya-Grosjean & Monier, 1978) and polyoma virus- (Birg et aL, 1979; Prasad et al., 1976) transformed cells. They have suggested that the non-integrated DNA arises from integrated DNA by excision and/or limited replication in a minority of cells (Daya-Grosjean & Monier, 1978; Zouzias et al., 1977) , and that the amount of free circular DNA generally decreases with successive cell passage (Birg et al., 1979) . Studies on abortive transformants (Smith et al., 1972) have
suggested that infected mouse cells retain the virus DNA in the absence of any viral gene expression. The presence of the virus is difficult to detect in such cases since these cells also lack the properties of stable transformation which are needed for selection and detection of such cells. Human cells infected with polyoma virus can retain the virus DNA during prolonged cell passage, and synthesize T antigen without acquiring transformed characteristics. Thus, virus gene expression may continue but is not a necessary consequence of conserving the viral genome. Jaenisch & Mintz (1974) have demonstrated that SV40 DNA injected into developing mouse blastocysts can be conserved through a substantial part of the animals lifespan. Moreover, the occurrence of detectable virus-specific DNA was more frequent in some organs, e.g. brain, of a given animal. From the muntjac model it is clear that papovaviruses could be conserved in a non-integrated 'plasmid-like' state in a subpopulation of cells. Virus DNA would be lost from populations of rapidly dividing cells, such as those of the gut or colon, but retained by non-dividing ones, such as in brain or neural tissues. A minority of cells containing few copies of the virus genome would probably be undetected by microscopic immunofluorescence screening especially since it is not clear that persistence of the SV40 genome need be accompanied by virus gene expression. Moreover, DNA hybridization studies in combination with restriction endonuclease digestion do not readily detect less than an average of 0.5 genome equivalents/cell. This would explain the negative results of screening with this technique to date (Israel et al., 1978; Wold et al., 1978) . Tissue or tumour dissociation by mechanical or detergent means followed by PEG-mediated cell fusion with permissive cells, might induce an appropriate amplification of the number of infected cells (to at least 1 in I000) such that flow fluorimetric screening of large numbers of cells for immunofluorescence by virus antigens might yield positive results. The potential for introducing genetic information into eukaryotic genomes and their capacity to alter cell regulation in the light of experimental evidence suggests that the question of the involvement of papovaviruses in the aetiology of human diseases continues to be examined.
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